ABSTRACT
NaHCO 3 (added after autoclaving), and 1.0 ml sterile 10X vitamin solution (7) (added after autoclaving). As the reductant for both media, 5 ml per liter of an anaerobic titanium citrate solution was used. This solution contained 20% (wt/vol) titanium(III) chloride, 0.2 M sodium citrate, and 8.0% (wt/vol) sodium carbonate. For plating, LS4D medium was supplemented with 0.2% (wt/vol) yeast extract, 1.5 % (wt/vol) agar, and 1.2 mM thioglycolate. Cells were distributed in 4 ml of molten top agar (30 mM PIPES,
1.5% agar).
Deletion cassette construction. Deletion cassettes were constructed similar to molecular bar-coding methods described for yeast (27, 69) . Briefly, PCR primer sets were designed to amplify approximately 800 bp up-and downstream of the fur ORF (DVU0942). Primer nucleotide sequences are listed in Table 2 Prior to electroporation, the cells were washed two times with ice-cold 1 mM MgCl 2 /10%
(vol/vol) glycerol. Electroporations were carried out in a total volume of 75 µl with a BTX electroporation pulse generator, model ECM630 (Genetronix, San Jose, CA). The parameters obtained for the electroporations were: 1.75 KV, 25 µFD, and 250 ohms.
Immediately following transformation the cells were recovered in 1 ml LS4D medium supplemented with 0.2% (wt/vol) yeast extract. Following four hours of incubation at 37°C, the cultures were diluted to 5 ml in the same medium containing 400 µg G418/ml and allowed to grow overnight. The next day the transformations were plated (1 ml/plate) on solidified LS4D plus 0.2% (wt/vol) yeast extract medium containing 400 µg G418/ml. Resulting transformants were analyzed for deletion of the fur gene via PCR that targeted genome regions outside of the fur knockout cassette (primers P7 and P8
( Probes for both Southern and Northern analyses were generated via PCR (see Table 3 for primer sequences and product sizes) and labeled with α-32 P-dCTP using the Microarrray analysis. Volumes of 600 ml of D. vulgaris Hildenborough wild type or JW707(Δfur) were grown in LS4D as 100 ml batches in six 125-ml bottles to a cell density of ca. 3x10
into six replicate bottles each containing 900 ml LS4D and the cultures grown to log phase at 30ºC in anaerobic chambers. At log phase (OD 600 = 0.38 for WT; 0.33 for JW707), 250 ml of each culture was harvested for sampling. For iron-limited experiments, the same protocol was followed with modified LS4D containing 5 µM FeCl 2 instead of 60 µM. Cultures were sampled at log phase, OD 600 = 0.13 for WT and 0.17 for JW707. Cell harvesting, RNA extraction and microarray analyses were carried out as described previously (46) . (Fig. 3A) .
RESULTS

Mutagenesis of
To test the effect of iron limitation on the fur mutant, growth was analyzed in Yen 45
medium containing 1 and 6 µM added FeCl 2 . Inocula used in this experiment were 2%
(v/v) of active cultures in medium containing 1 µM added FeCl 2 to limit carry over of excess iron. Resulting growth curves for both iron levels were similar between wild type and JW707 (data not shown). The Fur mutant did not exhibit a growth advantage over the wild type when iron was limiting. Response to osmolarity shock. Previous studies with wild-type D. vulgaris indicated that salt stress reduced growth rate and increased cell length and that these effects could be countered by addition of the osmoprotectant glycine betaine (46) . Interestingly, the putative Fur regulon members were among the most highly differentially transcribed genes during stress with NaCl or KCl (46) Therefore, the response of the Δfur mutant to salt stress was tested. Growth curves of cultures in medium supplemented with 300 mM additional NaCl or KCl ( Fig. 3 B and C, respectively) were similar and growth rates decreased for both wild type and JW707.
Metal sensitivity. Since a common trait of bacterial
Microscopic observations of the salt-stressed cultures showed 91.4% ± 2.8% (S.D.) of wild type cells were elongated from 1.5 µm to 5 µM or more. Although JW707 cells
were not counted, the fraction elongated appeared to be similar to the wild type. Addition of 2 mM glycine betaine with the salt protected the wild type from the decrease in growth rate ( Fig. 3 B and C) and restored the cell morphology to normal. However, the growth rate of JW707 remained 75% of the uninhibited regardless of the presence of 2 mM glycine betaine. Interestingly, microscopic observations indicated that the osmolyte apparently restored the mutant cell lengths to ~1.5 µM (data not shown).
Response to nitrate/nitrite. Tests of JW707 growth responses to nitrate or nitrite stress were prompted by data from proteomic and microarray analyses of wild type D.
vulgaris (35, 59) . The transcript analyses indicated upregulation of both the fur regulon and genes predicted to be involved in iron-binding, particularly under nitrite stress.
Significant differences in growth between wild type and JW707 were not observed in
Yen 45 medium containing 50 mM NaNO 3 (data not shown). Increasing this NaNO 3 concentration to 100 mM did not have an effect on the final growth extent, but a 60 h lag phase for the wild type and an 80 h lag phase for JW707 did occur (data not shown).
Growth of the wild type in Yen 45 medium supplemented with 2 mM NaNO 2 resulted in a lag phase of 60 h, whereas no growth was detected in medium supplemented with 5 mM NaNO 2 after 117 hours (Fig. 3D ). In contrast, both 2 and 5 mM NaNO 2 completely inhibited the growth of JW707. Since comparable cell numbers were used as inocula for the parent and mutant, the results indicate an increased sensitivity to nitrite by the Δfur mutant.
Expression profile of JW707. Transcriptional arrays covering 3,482 of the 3,531
(98.6%) protein coding sequences in the D. vulgaris genome were used to identify genes affected by deletion of the fur gene. In addition, the effect of iron concentration on the global transcription of the fur mutant was also determined by performing two separate experiments with growth medium containing 60 µM and 5 µM added FeCl 2 . Samples were taken at similar optical densities for both JW707 and the parental wild-type strain with differential gene expression calculated as log 2 ratios (log 2 R) using the following formula: log 2 (transcripts of JW707) -log 2 (transcripts of wild type). Following normalizations for signal intensities (13) and sector-based artifacts, the significance of the ratios was calculated as a Z-score. Generally ratios ≥ abs 1.6 (≥3-fold change in expression) were selected for further analysis.
Evidence that Fur is a global regulator in D. vulgaris derives from the observation that changes in gene expression with fur deleted were identified in 12 different functional categories based on the annotation of The Institute for Genomic Research. Transcript analysis revealed 34 and 50 genes differentially expressed at least three fold in response to the fur deletion (when compared to wild type) under iron-replete (60 µM) and ironlimited (5 µM) conditions, respectively (Fig. 5A) . Comparison of the two data sets indicated that expression levels for 13 genes were affected under both iron conditions (Table 4A ). Under iron-replete conditions 30 genes were up-regulated and 4 genes were down-regulated with 44% of the total population predicted to encode hypothetical or conserved hypothetical proteins. Under iron-limiting conditions 32 genes were upregulated and 18 genes were down-regulated with 30% of the total population predicted to encode hypothetical or conserved hypothetical proteins.
When JW707 responses to limiting iron were compared to its responses in ironreplete conditions, 22 genes were increased in expression as compared to 22 decreased.
In contrast, when wild type was limited for iron, 50 genes were increased in transcription with only 18 decreased relative to iron-replete cells (Fig. 5B ). Thus the genes differentially expressed in JW707 may be candidates for iron regulation. Those genes expressed differently in the wild type should include both those regulated by Fur and by iron concentration. Curiously only three genes meeting the stringent criterion of a three fold increase in expression were common to the iron-restricted JW707 and iron-restricted wild type: annotated as rubrerythrin (rbr2, DVU2318), chemotaxis protein (cheY-2, DVU2073) (Table 5 , Category IV), and an ABC transporter permease protein (DVU2385) ( Table 4) . (Table 4B) , did not appear to respond to decreased iron concentration. In the putative genYZ operon, only genZ (DVU0303) expression was consistent with iron-bound Fur repression. The latter two genes were predicted to be members of a Fur regulon unique to metal-reducing δ-proteobacteria though possible functions are unknown (61) . In contrast, the hypothetical iron-regulated P-type ATPase gene (DVU3330) that was predicted to be monocistronic responds as if it were part of a larger operon of 2-4 genes (Table 4B) . A similar expansion of Fur or iron influence on expression can be seen downstream of the foxR regulatory gene (DVU2378) that appears to include 12 genes (Table 4A) Selected genes believed to be involved in the oxidative stress response of D.
vulgaris were also examined for transcriptional responses in the deletion mutant (Table   S1 ). Only the relative transcription for the gene annotated to encode alkyl hydroperoxide reductase C (DVU2247) was consistent with iron-bound Fur-dependent repression, although the changes did not meet our cutoff for significance. This gene product is reported to reduce hydrogen peroxide and to protect the cell from reactive The two genes found increased in expression over three fold in both iron limited and iron replete conditions, rbr2 and DVU2541, are among those shown in Category IV (Table 5) . A clean selection method is also key for the success of a genetic system and has been problematic in Desulfovibrio due to broad range antibiotic resistance. While the method described by Fu and Voordouw utilizes the Cm R determinant (26), chloramphenicol resistance has been problematic in our hands. We have found that 400 µg of G418 (gentacin) per ml of LS4D medium provides clean selection when using the The method described here is also dependent on DNA delivery by electroporation, which had not been successful in D. vulgaris until now. We added a high concentration of deletion vector as well as lambda DNA to an electroporation procedure first described for Desulfovibrio fructosovorans (64) . The intrinsic nucleases of D. vulgaris likely linearize the plasmid and promote double recombination events and thus marker exchange between the vector and genome (5). Other deletion mutants screened in our laboratory using this deletion procedure follow the same pattern (data not shown).
Physiology of JW707.
The similar decrease in growth rate for both the wild type and JW707 with 5 µM added FeCl 2 indicated that both cultures were limited for iron, but not differentially (Fig. 3) . Thus regardless of iron concentration, growth of the ∆fur mutant was neither inhibited nor promoted by the derepression of putative ferrous iron uptake genes (feoAB) (Fig. 2 and Osmotic stress. Salt stress in Bacillus subtilis has been shown to induce iron acquisition systems, therefore salinity has been proposed to cause iron-limitation (37, 70).
Analysis of the D. vulgaris transcriptome and proteome under both NaCl and KCl stress indicated the same phenomenon, Fur regulon induction in response to salt stress (46) . In contrast, physiological studies indicated growth inhibition of JW707 equivalent to the wild type when exposed to 300 mM NaCl or KCl (Fig. 3) . Therefore, increased expression of the Fur regulon is not sufficient for overcoming this osmotic stress in D.
vulgaris. showed that the presence of 105 mM NaNO 3 induced proteins involved in the ionic stress response (59), although transcriptional profiling has indicated a response unique to nitrate that is not a composite of salt and nitrite (unpublished).
The increased sensitivity to nitrite stress for JW707 was unexpected based on previous transcript analyses of wild type D. vulgaris (35). An increased expression of the Fur regulon in the wild type was observed under nitrite stress (35). Therefore derepression of the regulon through deletion of the repressor was expected to provide an advantage for JW707 when exposed to nitrite. However, the Fur mutant was completely inhibited by 5 mM NaNO 2 (Fig. 3D ). Like JW707, an E. coli Δfur mutant was also more sensitive to NaNO 2 regardless of the upregulation of genes involved in iron uptake (48) .
This increased expression of the Fur regulon following 1 mM NaNO 2 treatment was hypothesized to be a consequence of NO nitrosylation of the Fe(II) in Fur that inactivated the repressor and likely other iron-containing genes (14) . Direct evidence for this mechanism of iron modification in nitrite-treated D. vulgaris remains to be obtained.
Transcriptional profile of JW707. While the overall physiology of D. vulgaris
was not dramatically affected by deleting the fur gene, a diverse transcriptional response occurred for JW707 when compared to the wild type. In many bacteria Fur negatively regulates siderophore production and transport (67 and references therein). Despite the up-regulation of a 12-gene cluster containing genes predicted to be involved in a siderophore uptake (e.g., TolRQ; Table 4 The high level of differential expression for the feoAB operon, apparently regulated by Fur and its corepressor Fe(II) (Fig. 2 and Table 4) , is interpreted as evidence that the FeoAB system is the primary iron uptake mechanism in D. vulgaris. This follows from the prediction that Fe(II) predominates in anaerobic environments.
However, genes predicted to be involved in iron storage such as bfr and ftn did not exhibit a strong transcriptional response to either iron concentration or the deletion of the fur gene.
Oxidative stress. The Fur regulator has been shown to be intricately involved in the oxidative stress response of some bacteria (2, 33, 34). Thus, it can be argued that regulation by Fur is linked to an increased uptake of iron that can generate reactive oxygen species upon oxygen exposure. Despite the anaerobic lifestyle of D. vulgaris, it is known to survive exposure to oxygen and contains several oxidative stress response genes within its genome. As such it was not surprising to find ahpC, rdl, cydA, and katA genes were differentially expressed at low levels in this study. However, only ahpC appeared to be classically regulated by iron-bound Fur (data not shown). The diverse regulatory pattern of the other oxidative stress response genes may be explained by coregulation by PerR, a homolog to Fur that also responds to iron concentration (9, 11). In Response to osmolarity stress, sodium as 300 mM NaCl (circles) or 300 mM NaCl plus 2 mM glycine betaine (squares). C) Response to osmolarity stress, potassium as 300 mM KCl (circles) or 300 mM KCl plus 2 mM glycine betaine (squares). D) Response to nitrite at 2 mM NaNO 2 (circles), 5 mM NaNO 2 (squares). Curves are representative of three trials at 37°C. 
